ABSTRACT: We studied the seasonal variation in the abundance of metabolically active bacteria (cells with an active electron transport system based on the INT-reduction method) and the proportion of active cells in the euphotic zone of a hypertrophic lake with the oblective of determining the main factors related to their dynamics. The annual average proportion of active cells was -47 % and changed from -17 % in winter to 100% in autumn. Both total direct counts (range: 1.5 to 20.4 X 10' m]-') and abundance of active cells (range: 0 4 to 6.0 X 10' ml-l) varied annually by 14-fold and were highly correlated (r = 0.74, p < 0.001). Bacterial activity, based on ['"C]-leucine uptake, was more strongly correlated with active bacterial abundance (r = 0.83. p < 0.001) than with total bacterial counts (r = 0.70, p < 0.001). Water temperature explained -81 "o of the temporal variability of active bacterial abundance but only 55% of total bacterial numbers. Chlorophyll a concentration (range. 99 to 335 pg 1-l) was only weakly correlated to the abundance of active bacteria ( I = 0.34, p < 0.05). Compared with data from other freshwater systems, our results show that although in this lake the average proportion of active bacteria was higher, their absolute abundance was lower than in less enriched systems.
INTRODUCTION
Heterotrophic bacteria play a dual role in aquatic ecosystems as decomposers of organic matter and as a food source for many organisms. It is generally accepted, however, that within the bacterial assemblage there are 2 fractions, represented by metabolically inactive and active cells (Stevenson 1978 , Dufour et al. 1990 , Gas01 et al. 1995 . Unfortunately, the recognition of these 2 fractions has attracted little attention in ecological studies, probably as a consequence of methodological difficulties. Therefore, our understanding of bacteria-mediated processes on a cell-specific basis has been hampered and still remains a crucial problem in aquatic microbial ecology.
Over the past 20 yr, several methods have been developed to estimate the fraction of active bacteria in aquatic environments. Among them, those involving microscopy (Zimmermann et al. 1978 , Kogure et al. 1979 , Tabor & Neihof 1982a , Rodriguez et al. 1992 and, more recently, flow cytometry (Porter et al. 1995) have been preferred to the more laborious microautoradiography (Meyer-Reil 1978 , Tabor & Neihof 1982b . Although at present there is no standard method, the largest available data set is based on deterrninations of the activity of the electron transport system, predominantly by the use of the tetrazolium salt INT (Zimmermann et al. 1978) and, more recently, a fluorochrome version, CTC (Rodriguez et al. 1992) . These 2 methods provide a less subjective determination of active bacteria when compared, for example, with direct viable counts using nalidixic acid (Kogure et al. 1979 ) and do not need additional substrates (Dufour & Colon 1992) .
Although few studies have analyzed in detail the variability of the abundance and proportion of active bacteria on a seasonal basis, the general picture is that despite the different methods used, in most aquatic systems only a small fraction is metabolically active. Dufour et al. (1990) suggested that in more productive systems the abundance and proportion of active bacteria may increase. Del Giorgio & Scarborough (1995) have shown that the abundance of active cells as determined by the CTC method changed along the trophic gradient of several lakes in a similar way to total bacterial abundance (Bird & Kalff 1984 , Cole et al. 1988 . Data from the literature compiled by del Giorgio & Scarborough (1995) also indicated that the proportion of active cells increased from < 5 % in ultraoligotrophic open-ocean areas to > 50 % in highly productive estuaries with a mean value of 23 % for lakes ranging from oligotrophic to eutrophic state. The situation, however, in highly enriched lakes is largely unknown because the rnicrobiai ecology of hypertrophic systems has rarely been studied (Sommaruga & Robarts in press) .
In this study we analyzed on a weekly to biweekly sampling basis the seasonal variability of metabolically active bacteria in the euphotic zone of a hypertrophic lake and identified the main variables controlling their abundance. Active bacteria were determined by electron transport system activity assays, based on the reduction of the tetrazolium salt INT.
MATERIALS AND METHODS
Study area and sampling. Lake Rod6 is a small (area = 1.3 ha) warm polymictic man-made system situated in the southern part of Uruguay (34" 55' S, 56" 10' W). The lake is continuously dominated by filamentous cyanobacteria, mainly Planktothrix (Oscillatoria) agardhii, because of its shallowness (1.1 m), high nutrient load (annual mean concentration of total phosphorus and nitrogen = 430 and 2900 pg I-', respectively), low flushing rate and strong mixing. Accordingly, phytoplankton biomass estimated as chlorophyll a (chl a ) is very high (annual mean for the euphotic zone: 223 pg 1-l). The lake water is alkaline and the oxygen concentration in the euphotic zone oscillates between 50 and 170% saturation. The euphotic zone is restricted to approximately 0.5 m. The lake is currently in the process of recovery through external and internal nutrient load reductions.
Integrated water samples of the euphotic zone were collected with a 5 1 Schindler-Patalas sampler (length: 0.5 m) at the deepest part of the lake over 1 yr at intervals of 5 to 15 d. Analyses of the microbial food web structure, bacterial production and bacterivory have been reported in detail elsewhere (Sommaruga 1995 , Sommaruga & Psenner 1995a .
Chl a, temperature. Chl a concentrations were determined spectrophotometrically after hot ethanol extraction according to Nusch (1980) . Water temperature was measured with a thermometer placed inside the sampler.
Abundance of bacteria and heterotrophic nanoflagellates. Subsamples for bacterial and nanoflagellate abundance were fixed with 37% formaldehyde at a final concentration of 2 % v/v and stored at 4°C until further processing within 2 d. Bacteria and heterotrophic nanoflagellates (HNAN) were enumerated after staining with the fluorochrome 4', 6'-diamidino-2-phenylindole (DAPI) on black membrane filters (Poretics 0.2 pm) by epifluorescence microscopy according to Porter & Feig (1980) . On 1 occasion (January 21) we took triplicate samples in order to determine the vanability of the total bacterial counts and of the active fraction (see below). The coefficient of variation among replicdtes for both pdrdnieiers wds 19 @h.
Abundance of metabolically active bacteria. The tetrazolium salt 2-(p-iodopheny1)-3-(p-nitropheny1)-5-phenyltetrazolium chloride (INT, Sigma) was used as an indicator of the activity of the electron transport system in respiring cells (Zirnmermann et al. 1978 , Dufour & Colon 1992 . A 10 m1 volume of lake water was incubated with INT at a final concentration of 0.02 % w/v in the dark at in situ temperature (Dufour & Colon 1992 ). We did not conduct a time-course experiment of INT labeling but incubated the samples for 1 h as suggested by Dufour et al. (1990) . Tabor & Neihof (1984) did not find significant differences in the number of INT-reducing bacteria using incubation times of 10 min to 3 h at low temperatures (0 to 7°C). Formaldehyde-fixed controls (final conc. 2 % v/v) were included to account for possible non-biological reduction of INT. More than 400 INT-reducing bacteria were counted immediately after filtration onto white Millipore filters (0.2 pm pore size) at a final magnification of x1250. Glycerin was used as a mounting medium to prevent dissolution of the formazan crystals (Tabor & Neihof 1982a) . The INT method may have underestimated the abundance of active bacteria due to difficulties in detecting a formazan crystal in cells <0.01 pm3, which on some occasions represented up to 35 % of the bacterial assemblage. However, as discussed by Sommaruga & Psenner (1995a) not all DAPI-stained particles of this size were bacteria, i.e. some may have been viruses.
Bacterial activitv and bacterivory experiments. The [14C]-leucine method (Kirchman et al. 1985 , Simon & Azam 1989 ) was used to estimate bacterial activity. [''C]-leucine (Amersham, 310 mCi mmol-') was added to 3 vials containing 10 m1 of lake water at a final concentration of 20 nM and incubated in the dark for 1 h. All samples were corrected for abiotic incorporation by subtractmg the radoactivity in formaldehyde-lulled controls (2% final conc. v/v). Protein was extracted in cold trichloroacetic acid (final conc. 5% v/v). Filters were washed with 80% cold ethanol (Wicks & Robarts 1988 ).
The amount of leucine incorporated "Calculated using the abundance of metabolically active bacteria bCalculated using total bactenal abundance
RESULTS

Abundance and proportion of metabolically active bacteria
The abundance of both total and metabolically active bacteria changed over the year by 14-fold (Table 1) . Total bacterial abundance ranged from 1.51 X 106 ml-' in winter (June) to 20.4 X 106 ml-' in summer (February) (Fig. 1A) . The abundance of metabolically active bacteria was also lowest in winter (0.43 X 106 ml-l) while the maximum was found at the beginning of autumn (6.04 X 106 ml-') when temperatures were still high (22.0°C). The abundance of metabolically active bacteria was positively correlated with the total bacterial abundance (r = 0.736, p < 0.001; Fig. 2 , Table 2 ). The annual average proportion of active bacteria was 46.8 % and varied from 16.5 % in winter to 100% in March (Fig. 1B) . The proportion of active bacteria tended to covary inversely with total bacterial abundance, especially during the first part of the study (Fig. 1) . However, this trend was not statistically significant, and the proportion of active bacteria reached low values at-different times of the year. For example, similar values of ca 20 % were observed in summer (at the time of maximum total bacterial abundance) and in winter (Fig. 1B) . The maximum percentage of active bacteria was coincident with a sudden decrease in the abundance of HNAN from 29500 to 7900 cells ml-' (data not shown).
The planktonic bacterial assemblage of Lake Rod6 is characterized by the permanent presence of filamentous bacteria up to 210 pm long. We do not have data about cell size distribution of metabolically active bacteria but observed that all filamentous bacteria inspected were metabolically active and usually contained several red formazan spots. Non-filamentous active bacteria (rods of 0.5 to 1 pm length) were usually found associated with filamentous bacteria. We also observed on several occasions filaments of Plankto- was higher with the abundance of active bacteria (r = temperature were loglo transformed 0.734, p < 0.001). Also, the flagellate community uptake rate was significantly correlated with the abundance of active bacteria (r = 0.693, p < 0.01, n = 18; Fig. 4B ) although the correlation was stronger with total bacterial abundance (r = 0.819, p < 0.001, n = 18). The proportion of metabolically active bacteria was not significantly correlated to any of the parameters mentioned above, although, as noted before, there was a trend for them to decrease when total numbers increased (Fig. 1) . Bacterial activity ([14C]-leucine upthriv agardhii with bacteria adhered to the sheath. take) was also better correlated with the abundance of These bacteria were characteristically long (1.5 pm), active bacteria than with total bacterial abundance metabolically active rods. However, ~1 0 % of the fila- (Fig. 5 , Table 2 ). Mean cell-specific activity (bacterial ments of P. agardhii inspected had adhered bacteria.
activity/bacterial abundance; Table 1 ) was signifiMost bacteria (>go%) in the euphotic zone were freecantly greater (t-test, p < 0.001) for active cell numbers living.
when compared to total cell numbers.
Parameters related to the abundance of active bacteria
Water temperature in the first 0.5 m of the water column varied by 19.8"C (Table 1 ) during the year and had a major positive effect on the abundance of active bacteria (Fig. 3) . Temperature was more highly correlated with the abundance of metabolically active bacteria (r = 0.897, p < 0.001) than with total bacterial abundance (r = 0.744, p < 0.001; Table 2 ). The concentration of chl a, which ranged from 99 to 335 pg I-', was weakly correlated with the abundance of active bacteTotal number of bacteria (X 106 ml-l) Fig. 2 . Log-log relationship between the abundance of metabolically active bacteria and total bacterial abundance in the euphotic zone of Lake Rod6
DISCUSSION
Proportion and abundance of metabolically active bacteria
This study deals with the seasonal variability of metabolically active bacteria in the euphotic zone of a hypertrophic lake and the main factors associated with their variation. The question whether bacterioplankton is predominantly composed of active or inactive (dormant) cells has important implications for the understanding of bacteria-mediated processes on a cellWater temperature ('C) Fig. 3 . Relationship between the abundance of metabolically active bacteria (Act) and water temperature (Temp) in the euphotic zone. The regression line (solid line) represents the linear least square fit of log Act vs Temp. Dashed lines represent the 95% prediction intervals specific basis. In this study, active bacterioplankton was determined by assays based on the reduction of the tetrazolium salt INT. We emphasize, however, that at present there is no general agreement on a standard method to estimate the abundance of active bacteria. Therefore, comparisons with results from studies using other methods of estimating their abundance should be considered with caution. For instance, results from a recent study suggest that the CTC dye may have an inhibitory effect on aquatic bacteria (Ullrich et al. 1996) Number of heterotrophic flagellates (X lo3 ml") 100 loo0
Community uptake rate (X lo3 bact ml-' h") reservoir Hartbeespoort Dam, South Africa. Phytoplankton of this warm-water system was dominated by the cyanobacterium Microcystis aeruginosa, which reached chl a concentrations of up to 6530 1-19 I-' and attained primary production rates which were the highest ever reported for aquatic systems (Robarts & Wicks 1990) . Surprisingly, the maximum percentage of active bacteria estimated by the nalidixic method was only 48% (Robarts & Sephton 1988 (Robarts & Wicks 1990 ). In Lake Rodo, the rapid bacterial turnover times which ranged from 5 to 42 h (Sornmaruga 1995) contrasted with the fact that, with the exception of the period between February 26 and March 26 (>85% of active bacteria), the proportion of inactive bacteria was always significant. Notwithstanding methodological constraints of the INT method like, for example, the low sensitivity for detecting under the optical microscope a formazan crystal inside very small bacterial cells or those with low respiration rates, other factors may have contributed to the underestimation of the proportion of active bacteria. One such factor may have been that total bacterial abundance was overestimated. Zweifel & Hagstrom (1995) , using a method to eliminate nonspecific binding of DAPI to DNA, have shown that only 2 to 32% of the bacterioplankton from different marine systems appeared to contain nucleoids (condensed DNA in the bacterial 1 10 Number of active bacteria (x106 mrl) Fig. 4 . Log-log relationships between the abundance of meta- Fig. 5 . Log-log relationship between the abundance of metabolically active bacteria and (A) the abundance of heterobolically active bacteria and bacterial activlty ([14C]-leucine trophic nanoflagellates and (B) their total uptake rate incorporation) in the euphotic zone cell). They suggested that the remaining DAPIstained particles were nonliving cells, probably viruslysed bacteria or remains of protozoan grazing. The results of Zweifel & Hagstrom (1995) are important because if found to be a common feature in aquatic systems then estimations of the percentage of metabolically active bacteria will be higher. Recently, Choi et al. (1996) also found that in Oregon (USA) coastal waters only 21 to 64% of bacteria had visible nucleoids. However, they observed that cells without visible nucleoids developed nucleoids when supplied with nutrients and proposed that these cells were not devoid of DNA. Choi et al. (1996) also observed that the abundance of metabolically active bacteria was lower than the number of cells with visible nucleoids except during the log-phase growth of natural marine assemblages. The poor binding capacity of DAPI to DNA has been demonstrated to be critical for samples with salinities higher than 12% (Zweifel & Hagstrom 1995) . Future studies should address the question how significant is the proportion of live, intact cells in different marine and freshwater systems. In addition, DNA-containing viruses may also be included within total direct bacterial counts with DAPI (Sommaruga et al. 1995) and contribute to the underestimation of the proportion of active bacteria. The annual average abundance of active bacteria (2.95 X 106 ml-l) in Lake Rod6 was lower than that found in systems of lower trophy (Fig. ? A in del Giorgio & Scarborough 1995). Beside differences in the methods used, one possible explanation is that most data presented by these authors corresponded to measurements mainly made during summer. As we have shown, both total and active bacterial abundances were much higher during summer (Fig. 1 ). Yet, if we consider only the summer data, then the average for total and active bacteria (11.7 X 106 and 4.24 X 106 ml-l, respectively) ranged among the highest values in the regression data presented by del Giorgio & Scarborough (1995). However, mean summer densities of active bacteria in Lake Rod6 were still -65% lower than, for example, in Chesapeake Bay (INT method) with similar water temperatures (Tabor & Neihof 1984) . This suggests that the abundazce of active bacteria may net incresse as ---F-ran;dlll -1 as phytoplankton biomass does along the trophic gradient. More studies in aquatic systems with chl a concentrations >50 pg I-' are necessary before the relationship established by del Giorgio & Scarborough (1995) can be generalized. As suggested by Bird & Kalff (1984) and supported by a recent review of the literature on hypertrophic systems (Sornrnaruga & Robarts in press), total bacterial numbers do not increase at the same rate as phytoplankton biomass with increasing trophy.
Variables related to the seasonal variability of the abundance of metabolically active bacteria
The high water temperature, high nutrient concentrations and phytoplankton biomass probably interact in Lake Rod6 to explain the high proportion and abundance of active bacteria at certain times of the year. Temperature is an important environmental parameter known to affect bacterial growth and respiration, and abundance of active bacteria (Tabor & Neihof 1984 , Packard 1985 , Robarts 81 Sephton 1988 . In this study, the seasonal abundance of metabolically active bacteria was strongly dependent on m t e r temperature. The variability explained by temperature (81%) was 2.1 times higher than that found in the warm but deeper Hartbeespoort Dam (Robarts & Sephton 1988) . Temperature had also a major effect on bacterial activity (['4C]-leucine uptake) in Lake Rod6 (Sommaruga 1995 ) with a Q, , , value of 3.1, well within the range of values reported for general microbial processes.
The range in which water temperature changes may also be important in determining the magnitude of seasonal variability in the abundance of active bacteria. Simek et al. (1990) found in the mesotrophic fjimov reservoir (Czech Republic) during springautumn, when temperature changed by 20.6"C, a smaller change in the abundance of total bacteria (3-fold) than in the active fraction (11-fold) as determined by autoradiography. In the mesotrophic Piburger See (Austria), Sattler (1992) also found that total bacterial abundance at the surface changed from spring to winter (temperature change = 22.6"C) by only 3.8-fold (1.16 to 4.41 X 106 ml-l) but that the abundance of active bacteria (INT method) changed by 2 orders of magnitude (1.07 X 104 to 2.25 X 106 ml-l). In contrast, our results show that total bacterial abundance and the number of active bacteria both changed over the year by more than an order of magnitude. This agrees with the results from Hartbeespoort Dam (temperature range = 12 to 26OC), where both total and active bacterial abundances changed by about 9-fold (Robarts & Sephton 1988) . We hypothesize that the different patterns observed smong these systems -"-lay he re!;t_~d to t h e r a n y in which temperature changes and how cell activity is affected. Thus, while in Piburger See, fjimov reservoir and Lake Rod6 the absolute change in water temperature was similar, the minimum temperatures registered during the study period were 0.45, 2 and 8°C respectively. The increase of water temperature from very low values probably has a strong positive effect on the abundance of metabolically active bacteria, providing that other factors Like nutrient availability are not limiting.
The fact that in Lake Rodo the abundance of active bacteria was weakly correlated with chl a (r = 0.355) may be an indication that in hypertrophic systems other sources of dissolved organic carbon beside phytoplankton, e.g. organic pollution, may be quantitatively more important. This is supported by the results from Robarts & Sephton (1988) who found that primary production of particulate and dissolved organic carbon in the hypertrophic Hartbeespoort Dam explained only 22 and 14%, respectively, of the annual variability in the abundance of active bacteria at the surface.
One important factor controlling how long a bacterial cell remains in the active bacterial fraction is its loss rate, mainly by grazing or cell lysis (del Giorgio & Scarborough 1995). Recent evidence suggests that HNAN remove the active fraction rather than non-selectively grazing the entire bacterial standing stock (Gasol et al. 1995 , del Giorgio et al. 1996 . Whether HNAN grazed preferentially on active bacteria because they were larger than others cannot be assessed from our results. Interestingly, we found that the abundance of HNAN, the main bacterial grazers in this lake (Sommaruga 1995) , was better correlated with the abundance of active bacteria than with total bacterial abundance. However, due to the autocorrelation of the abundance of active bacteria and HNAN with temperature it is difficult to establish the real direction of this relation. In addition, the fact that the maximum proportion of active bacteria in March was coincident with a drastic drop in the abundance of HNAN (Sommaruga 1995) suggests that HNAN may be important for the control of the active fraction.
Finally, although as discussed above no standard method of differentiating the active bacterial fraction exists, the closer relation of bacterial activity to the abundance of the active fraction than to total bacterial numbers in Lake Rodo suggests that using the active fraction gives a better meaning to calculations like cell-specific activity or generation times as indicated previously (Dufour et al. 1990 , del Giorgio & Scarborough 1995 , Sommaruga & Psenner 1995b , Pernthaler et al. 1996 . Whereas bactena with very low respiration rates might not produce detectable formazan crystals during the incubation period with INT, these bacteria probably may not contribute significantly to the total metabolic activity of bacterial assemblages (Dufour et al. 1990 ).
